Abstract.-Recent molecular studies are inconsistent with ungulate phylogenetic trees that are based on morphological traits. These inconsistencies especially relate to the position of cetaceans and perissodactyls. Evaluation of the close phylogenetic ties between artiodactyls and cetaceans has been hampered by the absence of tarsal bones of primitive cetaceans, as artiodactyls are often diagnosed on the basis of their tarsus. We here describe newly discovered tarsal bones that are the oldest cetacean tarsals known. We present a character analysis for primitive ungulate tarsals and evaluate their impact on the ungulate phylogenetic tree. Tarsal data are consistent with some molecular studies in suggesting that the extant sister group of Cetacea is Artiodactyla or that Cetacea should be included within the latter order. Tarsal data do not support Cete (Mesonychia plus Cetacea) and are consistent with the exclusion of perissodactyls from paenungulates as suggested by some molecular studies. [Artiodactyla; Cetacea; locomotion; Mesonychia; Ungulata.] The ankle (tarsus) plays a crucial role in the morphological characterization of a number of higher-level clades of mammals. One of the main characters de ning Proboscidea, for instance, is the presence of a medial process on the astragalus (Tassy, 1996) . Archonta (Primates, Dermoptera, Chiroptera, and Scandentia) are characterized by fused sustentacular and navicular facets on their astragalus (Szalay and Drawhorn, 1980 ; for an explanation of anatomical terms, see Appendix 1) and all Artiodactyla bear a trochleated astragalar head (Schaeffer, 1947) . Despite major morphological differences in ankle morphology at higher taxonomic levels (e.g., Matthew, 1937) , only minor differences commonly occur within mammalian orders (e.g., artiodactyls: Hussain et al., 1983; Martinez and Sudre, 1995) . This makes the complex of characters relating to ankle morphology useful for phylogenetic analysis of higher taxa.
The ankle (tarsus) plays a crucial role in the morphological characterization of a number of higher-level clades of mammals. One of the main characters de ning Proboscidea, for instance, is the presence of a medial process on the astragalus (Tassy, 1996) . Archonta (Primates, Dermoptera, Chiroptera, and Scandentia) are characterized by fused sustentacular and navicular facets on their astragalus (Szalay and Drawhorn, 1980 ; for an explanation of anatomical terms, see Appendix 1) and all Artiodactyla bear a trochleated astragalar head (Schaeffer, 1947) . Despite major morphological differences in ankle morphology at higher taxonomic levels (e.g., Matthew, 1937) , only minor differences commonly occur within mammalian orders (e.g., artiodactyls: Hussain et al., 1983; Martinez and Sudre, 1995) . This makes the complex of characters relating to ankle morphology useful for phylogenetic analysis of higher taxa.
One of the problems with phylogenetic analyses based on tarsal morphology is the delineation of cladistic characters from a morphological continuum. Phylogenetic characters should be consistent and independent, and the delineation of morphological characters greatly affects cladogram topology. We believe that functional studies can greatly elucidate the way in which characters are delineated and do so in this study.
Central to our study is the shape of the artiodactyl astragalus. The astragalar morphology of artiodactyls is unique and plays an important role in locomotor function (Schaeffer, 1947 (Schaeffer, , 1948 . However, its unusual function is the result of several morphological features, a variable subset of which occasionally occurs in other mammals as well. Therefore, astragalar morphology cannot be considered a single character, a point recognized by Schaeffer (1948) but not by most subsequent authors.
Because of its importance in characterizing artiodactyls, astragalar morphology plays a crucial role in determining the phylogenetic af nities of cetaceans. Cetaceans have been placed within artiodactyls on the basis of a large amount of recent molecular data (Gatesy et al., 1996; Gatesy, 1997 Gatesy, , 1998 Hasegawa and Adachi, 1996; Shimamura et al., 1997; Milinkovitch et al., 1998) . This view is commonly disputed by morphological studies (Prothero et al., 1988; Thewissen, 1994; Geisler and Luo, 1998; Luckett and Hong, 1998; O'Leary, 1998 ; see also Milinkovitch and Thewissen, 1997) . Here, we describe fragmentary astragali for pakicetid and ambulocetid cetaceans (for discussion of these families, see Thewissen et al., 1996, and . These bones were previously unknown in SYSTEMATIC BIOLOGY VOL. 48 primitive cetaceans and have only been mentioned in a short report . These bones ll a major gap in character matrices used to study the higher phylogeny of ungulates, making it possible to score cetaceans for several previously unknown characters in the tarsus.
We here present a character analysis of the complex of joints between the mammalian astragalus, calcaneum, cuboid, and navicular (Fig. 1) . The midtarsal joint (anatomical terms are explained in Appendix 1) is of speci c interest. This complex joint involves four bones; the trochleated head of the artiodactyl astragalus is part of the midtarsal joint. Mobility at the midtarsal joint, however, is determined not only by the shape of the joint facets that make up this joint but also their relation to the ectal, sustentacular, and distal calcaneocuboid joints. These facets sometimes lock the bones that participate in the midtarsal joint at the point of contact between calcaneum and astragalus.
Our description focuses on a primitive ungulate (Pleuraspidotherium), artiodactyls, and early whales, but we also consider the morphology of a broader range of placentals. There is relatively good consensus on the morphology of the primitive placental tarsus. Although different taxa were used to identify the placental morphotype by different authors (Choeroclaenus by Schaeffer, 1947 ; Protungulatum by Szalay and Decker, 1974 ; Arctocyon by Cifelli, 1983) , all are relatively similar in the characters as delineated here. The great age of these taxa and their retention of primitive traits are also consistent with their basal position on most cladograms. We use the astragalus of the archaic ungulate Pleuraspidotherium (Thewissen, 1991) as a basis for our description and assume that most of its character scores are plesiomorphic with respect to modern ungulates. This assumption is not critical for our results, however, because we do not construct a cladogram based on our limited data set; we only map our characters on existing cladograms.
We scored characters for the fossil taxa listed in Table 1 as well as for several extant forms. Scores are reported in Table 2 , and the taxa used represent a cross-section of all mammals as a reference for delineating characters and to facilitate comparisons. We map these characters on a cladogram that has been proposed for ungulates, recognizing that, although these characters contribute to the phylogenetic resolution within ungulates, a complete phylogenetic analysis should rely on all available data, not just those of the ankle. Finally, we assess the tarsal data in light of the con ict between morphological and molecular studies of the ungulate phylogenetic tree.
DESCRIPTION

Midtarsal Joint
The astragalar head of Pleuraspidotherium (Fig. 1b) is strongly convex mediolaterally and dorsoplantarly. This permits some movement between astragalus and navicular in all directions with no obvious axis of mobility. Movement at this joint is limited in part by the remainder of the midtarsal joint. The plane of the joint between calcaneum and cuboid in Pleuraspidotherium and other primitive mammals is more proximal than that between astragalus and navicular (Szalay and Decker, 1974), which is not the case in other placentals (Fig. 1a) . The cuboid facet of the calcaneum is rounded in outline primitively, is mediolaterally and dorsoventrally concave, and faces distally. This mismatch in shapes between the astragalonavicular articulation on the one hand and the calcaneocuboid articulation on the other (Fig. 1b) limits the degree of mobility of the midtarsal joint. The cuboid does not articulate with the astragalus.
The head of the astragalus in artiodactyls (Fig. 1d) has the shape of a broad trochlea (Schaeffer, 1947) . This shape increases dorsoplantar mobility of the navicular on the astragalus. In addition, mediolateral mobility is completely checked by a parasagittal groove that locks the navicular onto the astragalus.
The calcaneocuboid joint of artiodactyls is also modi ed (Fig. 1d) . It is narrow, restricted laterally, and slopes strongly dorsodistally. This shape allows the cuboid to slide on the calcaneum while the navicular moves on the astragalus and increases Table 1 . Drawings are not to scale and some are reversed from right elements. Roman numerals refer to digit numbers. Calc-cub= calcaneocuboid facet; dist astr= distal astragalar facet; ectal= ectal facet; sust= sustentacular facet. The shape change in joints between astragalus and navicular on one hand and between calcaneum and cuboid on the other occurs in all artiodactyls but these two changes do not always occur together. In lagomorphs (Oryctolagus, Fig. 1c ) and litopterns (Asmithwoodwardia, synonym of Ernestokokenia: Cifelli, 1983) , the head of the distal astragalus has an expanded range of dorsoplantar mobility based on its somewhat trochleated facet shape, but the calcaneum and cuboid cannot slide as they do in artiodactyls, thus limiting dorsoplantar excursion at the midtarsal joint. Morphologically, the calcaneocuboid joint of perissodactyls (Fig. 1e) is similar to that of artiodactyls in having laterally restricted mobility, but the arrangement of other facets in the perissodactyl ankle limits mobility in the dorsoplantar plane. The astragalar head of mesonychians (Dissacus, Fig. 1g ) is also trochleated in that it is mediolaterally slightly concave and dorsoplantarly strongly convex. It bears a crest that separates the parts of the head that articulate with cuboid and navicular. This crest is strongly oblique, as in perissodactyls, limiting dorsoplantar mobility. Although a similar crest is present in nonruminant artiodactyls, it extends dorsoplantarly and does not disrupt mobility in this plane. The navicular and cuboid of ruminants are fused (Hussain et al., 1983) and no crest is present.
The astragalar head of pakicetids (H-GSP 97227, Fig. 1j and l) is mediolaterally only slightly convex. The facet is dorsoplantarly attened. This shape allows very limited dorsoplantar and mediolateral mobilityless than in the rounded astragalar head of a primitive mammal and much less than in the trochleated head of an artiodactyl.
Sustentacular Facet
The sustentacular facet of Pleuraspidotherium (Fig. 1f) consists of two parts. The larger part is oval and located just proximal to the astragalar head; it is at mediolaterally and slightly convex proximodistally. Continuous with this part and proximal to it is a strongly concave facet that is expanded onto the medial half of the plantar surface of the trochlea. The concavity of this part is oblique to the long axis of the bone and has the same axis as the concavity of the ectal facet. Combined, these two facets limit the mobility of the calcaneum on the astragalus to a direction oblique to the long axis of the foot. The sustentacular facet of Pleuraspidotherium is not continuous with the articular surface of the astragalar head. The sustentacular facet of plantigrade mammals, such as Pleuraspidotherium, has a weight-bearing function, transmitting force from the astragalus to the calcaneum.
The sustentacular facet of artiodactyls (Fig. 1i) is greatly expanded. Its mediolateral pro le may be concave or convex, but it is always convex proximodistally and the main axis of mobility is dorsoplantar. The sustentacular facet of artiodactyls covers most of the width of the plantar side of the astragalus.
In mesonychians, the sustentacular facet is similar to that of Pleuraspidotherium, in that it consists of a concave and a convex part that limit mobility between astragalus and calcaneum. The sustentacular facet of pakicetid cetaceans (H-GSP 97227) is long and narrow, limited to the medial third of the astragalus, but it is proximodistally convex, as in artiodactyls. Only a small fragment of the sustentacular facet of the ambulocetid astragalus (H-GSP 96098) is preserved. Its morphology is consistent with that of the pakicetid.
Ectal Facet
The ectal facet of Pleuraspidotherium (Fig. 1f ) faces plantarly and is elongate and strongly concave along an oblique axis. This concavity matches that of the sustentacular facet and locks the ectal facet of the astragalus onto the calcaneum, limiting mobility at the midtarsal joint. In perissodactyls (Fig. 1h) , litopterns, and lagomorphs, the axis of the ectal facet extends more mediolaterally than in primitive astragali (Fig. 1f) , limiting dorsoplantar mobility between astragalus and calcaneum.
The ectal facet of artiodactyls is highly modi ed. It is narrow and lies on the lateral VOL. 48 side of the calcaneum (and is hence not visible in Fig. 1i) . The ectal facet of artiodactyls is strongly reduced and variable in outline. This reduction permits astragalar rotation independent of the calcaneum (Schaeffer, 1947) .
The ectal facet of mesonychians (Fig. 1g ) is similar to that of Pleuraspidotherium. The pakicetid astragalus does not preserve the ectal facet, but the proximal part of the ambulocetid astragalus (H-GSP 96098) is wellpreserved. Its ectal facet is laterally placed and resembles artiodactyls in morphology (see . No part of the ectal facet extends on the plantar surface of the astragalus.
FUNCTIONAL INFERENCE
The artiodactyl midtarsal joint is uniquely mobile dorsoplantarly but is immobile mediolaterally as a result of extensive remodeling of the ankle. This remodeling appears to consist of four independent cladistic characters, none of which is unique to artiodactyls. First, the astragalar head is expanded dorsoplantarly (character 2, Appendix 2), as is also the case in litopterns and mesonychians. Second, the plane of rotation of the astragalonavicular joint is dorsoplantar (character 3), as occurs also in lagomorphs and dasypodids. Third, the calcaneocuboid joint is narrow and extends from proximoplantar to distodorsal on the lateral side of the foot (character 5), similar to perissodactyls. Fourth, the ectal facet is small and faces laterally (character 8), as it does in primitive cetaceans. Artiodactyls share all four characters, but litopterns, mesonychians, lagomorphs, dasypodids, perissodactyls, and cetaceans have only some of the characters and their midtarsal joints are not highly mobile.
Increased dorsoplantar mobility in artiodactyls is combined with enhanced stability mediolaterally. This is related to two features of the heel. First, movement at the astragalar head is restricted mediolaterally (character 1), as it is in perissodactyls, mesonychians, desmostylians, hyracoids, lagomorphs, and primitive cetaceans. Second, the sustentacular facet is expanded to cover much of the plantar face of the astragalus (character 6). This character is unique to artiodactyls.
PHYLOGENETIC INFERENCE
The modern orders of ungulates have a long independent history, and reversals and autapomorphies that accumulated since their divergence may seriously affect character analyses. The absence of the tarsus in modern cetaceans is an excellent example of such an autapomorphy. To avoid problems of homoplasy during their independent evolution, we studied as many Paleogene representatives of orders as possible. Because our set of characters is limited to those in the tarsus (Table 2), we did not execute a phylogenetic analysis, but instead mapped our characters on a published phylogeny. We chose the phylogeny of Prothero et al. (1988) because it includes nearly all of the relevant taxa and is fully resolved. Overall, this analysis is relatively similar to more broad-scale morphological analyses based on modern taxa (e.g., Gaudin et al., 1996) . The Prothero et al. phylogeny (Fig. 2a) was not based on an explicit phylogenetic analysis and thus may not be the most-parsimonious topology, but it is useful as a starting point for our study. Mapping our tarsal data on this phylogeny indicates that 29 character state changes took place. Most notable among the character changes implied in this phylogeny is character 8. The derived state of this character is the only feature that could be interpreted as a unique synapomorphy of cetaceans and artiodactyls; instead, it is treated as a homoplasious in this analysis.
Recent molecular data sets (reviewed by Gatesy, 1998) are incongruent with the topology of Figure 2a and suggest that cetaceans are allied with artiodactyls. Amending Figure 2a to make Cete (Mesonychia plus Cetacea) the sister group of artiodactyls does not decrease the step length, but moving only Cetacea to the artiodactyl branch is more parsimonious (27 steps). Considering Mesonychia as the sister group to combined Cetacea plus Artiodactyla also costs 27 steps FIGURE 2. Four cladograms on which the tarsal data were mapped. (a) Cladogram of ungulate relations as proposed by Prothero et al. (1988) .
Step length is unaffected by fully resolved artiodactyl relations, and this does not affect character evolution of tarsal characters. (Fig. 2b) . Character 8 is the only uniquely derived character linking artiodactyls to cetaceans (to the exclusion of mesonychians), but this grouping is also supported by character 5 in Fig. 2b , where it is a homoplasy in perissodactyls. The same two characters also support the inclusion of Cetacea in Artiodactyla at a branch above Diacodexis, (Fig. 2c) as suggested by molecular studies (e.g., Gatesy, 1997; Hasegawa and Adachi, 1996; Shimamura et al., 1997) . In this scenario, the astragalar head of cetaceans is interpreted as secondarily attened (character 2). Thus, tarsal evidence does not support the monophyly of Cete (Fig. 2c) .
Molecular data (e.g., Lavergne et al., 1996 ) also suggest that Perissodactyla are not related to tethytheres and hyracoids, contrary to what morphological studies suggest (e.g., Fischer, 1986; Novacek, 1992; Thewissen and Domning, 1992) . Stanhope et al. (1996) supported close phylogenetic ties between Paraxonia (dolphin, pig, cow) and Perissodactyla. Making this modi cation (Fig. 2d) reduces the step length to 25 or 26. Our tarsal data are thus consistent with results of the molecular analysis of Stanhope et al. (1996) .
CONCLUSIONS
Our character analysis suggests that the "trochleated astragalar head" of artiodactyls is a character complex consisting of four independent cladistic characters. Together these characters work to increase dorsoplantar mobility of the tarsus. Limiting mediolateral mobility is another functional change in the artiodactyl astragalus, and this is characterized by two cladistic characters. No mammals except artiodactyls combine the six (or even the initial four) characters, but only one of the six characters (expanded sustentacular facet) is unique to artiodactyls. This facet is narrow in cetaceans but wide in primitive placentals. In artiodactyls, on the other hand, the sustentacular facet is expanded to cover the entire width of the plantar surface. Cetaceans and artiodactyls share the derived position and shape of the ectal facet, a condition not shared by mesonychians.
We conclude that tarsal data support close phylogenetic ties between Cetacea, Artiodactyla, Mesonychia, and Perissodactyla, to the exclusion of the paenungulates. This is consistent with recent molecular data. New evidence of Eocene cetacean tarsal morphology is also consistent with inclusion of cetaceans in artiodactyls, if one assumes that the wide arc of rotation of the trochleated head was lost during the origin of Cetacea. Tarsal data form only a small part of the total body of evidence bearing on cetacean relations, but it has been considered critical in evaluating artiodactyl-cetacean relations (Luckett and Hong, 1998) . The tarsal data do not support mesonychian-cetacean relations.
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